Abstract: A systematic study was conducted on processing and characterization of epoxy-EPON 828 polymer composite to enhance its mechanical, viscoelastic, and thermal properties through the integration of an optimum amount of amine-functionalized graphene nanoplatelets (GNP). Amine functionalized 0.1, 0.2, 0.3, 0.4 and 0.5 wt% GNP was infused into EPON 828 Part-A using a high intensity ultrasonic liquid processor followed by three roll milling. The Epoxy-GNP mixture was then mixed with the curing agent Epikure 3223. The mixture was then placed in a vacuum oven at 40 °C for 10 minutes. The as-prepared resin mixture was then poured in rubber molds to prepare samples for characterization according to ASTM standards. Simultaneously, neat epoxy samples were fabricated to obtain its baseline properties. The mechanical properties were determined through flexure test and the fracture morphology was evaluated through scanning electron microscopy (SEM). Dynamic mechanical analysis (DMA) and thermomechanical analysis (TMA) were performed to analyze viscoelastic and thermomechanical properties to determine thermal performances. The results indicate that the 0.4 wt% GNP infused epoxy nanocomposite exhibited the best properties. The tests showed 20% and 40% improvement in flexure strength and modulus, respectively. SEM micrographs exhibited smooth fracture surface for the neat sample. The roughness of fracture surfaces increased as more GNP was added to the composites. Moreover, 16% improvement in the storage modulus and 37% decrease in the coefficient of thermal expansion were observed.
Introduction


Scientists have been engaged in developing polymer matrix and fiber reinforced polymer (FRP) matrix composites that possess enhanced mechanical, thermal, and electrical properties to use in the field of aviation, automotive, naval, structural, and recreational sport industries. In last two decades, researchers have successfully enhanced polymer matrix properties by incorporating various nanoparticles such as nanoclay, carbon nanofibers (CNF), carbon nanotubes (CNT), and silicon carbide. Among them CNT has been proven to be the best candidate for matrix modification because of its exceptional strength and stiffness, high specific surface area, and high aspect ratio [1] [2] [3] . However, due to higher production cost of CNT [2] the mass production of CNT based multifunctional composites is also expensive.
The graphene nanoplatelet (GNP) having a two dimensional planar structure is composed of several layers of graphite nanocrystals stacked together [4, 5] with an ultrahigh aspect ratio. The GNP is thus able to provide excellent reinforcement and thermal conducting abilities along with improved mechanical and thermal properties. The GNP is considered to be a novel nanofiller due to its exceptional functionalities, polymer nanocomposites exhibit better properties [10, 11] . In terms of thermal and electrical conductivity, the graphene behaves as a better nanofiller than the CNT [12] [13] [14] . An improvement of fracture toughness of epoxy from 0.97 MPa√m to 1.48 MPa√m at 0.1 wt% filler fraction was found in one study [15] .
Investigating the graphene epoxy composites at low filler content of 0.1 wt% showed a significant increase of 31% in modulus and 40% in fracture toughness [16] . In another study a method was proposed to prepare epoxy/graphite nanocomposites by mixing epoxy with graphite in solvent [17] . This demonstrated that use of 4 wt% graphite causes
Young's modulus to be increased by 10% and glass transition temperature (T g ) from 143 °C to 145 °C. The surface modification of nanofillers helps rejuvenate the interaction between the matrix and nanofillers ensuing better dispersion quality and high performances [18] . Better overall properties and enhanced interfaces between two components of the polymer matrix can be obtained by applying modification through chemical bonding [19, 20] . Amino functionalization of the CNT has been extensively used to improve interfacial interaction with epoxy matrices [21] [22] [23] . Functionalization is the fundamental process of introducing new functions or properties to a material by changing the surface chemistry of that material. This is performed by attaching molecules or nanoparticles on the surface of a material through chemical bonding as well as adsorption. The basic applications of surface functionalization range from altering the wetting or adhesion characteristics and improving the nanoparticle dispersion in matrices to enhancing the catalytic properties and ordering the interfacial region.
There have been several studies on mechanical and thermal behavior of exfoliated GNP reinforced polymeric composites. Addition of a small amount of GNP improved electrical [24, 25] , thermal [26, 27] , and mechanical properties significantly [28] [29] [30] . Thermal stability and flammability of polymer composites were also improved [31] [32] [33] . However, to the best of authors' knowledge, no study has been reported in the open literature on the effect of amino functionalized GNP on mechanical, viscoelastic, and thermal properties of epoxy nanocomposites. The wide range of attractive properties and increasing use of these nanophased composites in important areas of industries and the insufficient data in the relevant field have led the authors to select this research project. The objective of this study is to process and characterize the epoxy-GNP nanocomposite with the integration of an optimum amount of amine functionalized GNP to enhance mechanical, viscoelastic, and thermal properties of the epoxy polymer composite.
In this study, amino functionalized GNP reinforced epoxy nanocomposites were manufactured using the combination of sonication and the 3 roll mixing process. Flexure test, DMA, and TMA, were performed to investigate the effect of GNP on mechanical, viscoelastic, and thermomechanical properties of the Epoxy-GNP nanocomposite.
Experimental
Materials
The matrix used in this study is a two part system manufactured by Miller Stephenson Chemical functionalized by amine (-NH 2 ) in order to achieve the required exfoliation and dispersion. The concentration of functional groups was less than 7%.
Nanocomposite Processing
First, pre-calculated amount of GNP (0.1, 0.2 0.3, 0.4 or 0.5 wt%) was mechanically mixed with epoxy resin Part-A by a mechanical stirrer for 4-5 minutes . The mixture was then put into a sonicator for 1 hour at 35% amplitude and 40s on/ 20s off cycle pulse mode. To avoid premature polymerization, this mixture was drowned thoroughly in a cooling bath. The sonicated mixture was then passed through three rollers to further improve the dispersion of GNP. In this process, The GNP was further de-agglomerated and uniformly dispersed in resin by the induction of a high shear force in the mixture. The gap space was incrementally reduced from 20 to 5 μm between the rolls and multiple passes were used. The speed ratio of the three rollers was 1:3:9 with a maximum speed of 140 rpm. The Epoxy-GNP mixture was then mixed with the curing agent Epikure 3223 according to the stoichiometric ratio (Part A: Part B = 12:1). The mixture was then placed in a vacuum oven at 40 °C for 10 minutes to ensure the complete removal of entrapped bubbles and thus reduce the chance of void formation. The prepared resin mixture was then poured in a rubber mold to prepare the samples for characterization according to ASTM standards.
Material Characterization
Flexure Test
Flexural test under three-point bend configuration A minimum of five samples of each category were tested.
Thermomechanical Analysis (TMA)
TMA tests were carried out on a TA instruments thermomechanical analyzer (Model Q400) operating in an expansion mode at a heating rate of 10 °C/min from 30 °C to 200 °C. Five samples of each type were tested, and the CTE for each of those samples was determined before the glass transition temperature.
Results
Flexural
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The amin epoxide grou facilitate r crosslinking infused nanoparticles obstructed the propagation of cracks in nanocomposites. Thus, crack propagation was significantly hindered in nanoparticle reinforced composites as they have to change directions when the crack encountered nanoparticles. Moreover, nanoparticle pullout occurred during the crack propagation requiring high energy dissipation. In Figs. 2b-2f from the SEM micrographs of fractured surfaces, it can be seen clearly that the nanoparticle pullout left a rough surface. Nanophased samples also showed much rougher surfaces due to the strong interfacial interaction of the GNP with epoxy compared to the neat one. Presence of small agglomerates was evident in the 0.5 wt% sample (Fig. 2f) . On the other hand, uniform dispersion of the GNP was observed for 0.1, 0.2, 0.3 and 0.4 wt% samples.
Dynamic Mechanical Analysis (DMA)
Dynamic mechanical analysis provides the viscoelastic properties such as storage modulus, loss modulus and tanδ of composite samples as a function of temperature. The amount of energy stored in the composite after deformation is represented by the storage modulus. Storage modulus of a composite is determined by keeping the specimen under a cyclic loading at elevated temperatures while performing the dynamic mechanical analysis test.
The variation of storage modulus is presented in Fig. 3 as a function of temperature (30 -200 °C) for different percentages of GNP nanofiller concentration. It is clear from the figure that there was an increase in storage modulus due to the addition of nanoparticles in almost all temperature regions. In Fig. 3 , the sharp drop in storage modulus indicates the glass transition temperature (T g ) of the composite. The entire region can be divided into two sections: below T g (glassy plateau region) and above T g (rubbery plateau region). The operating temperature of the composite should be below T g . Viscoelastic properties increase significantly with the addition of GNP concentration up to the 0.4 wt%. Storage modulus was improved gradually with the addition of the GNP and the maximum improvement of 16% was observed in the 0.4 wt% loaded GNP sample at 30 °C. Enhanced interaction between well dispersed nanofillers and matrix has aided this improvement. A schematic representation of interfacial reaction between DGEBA and GNP-NH 2 are shown in Fig.4 .
The formation of a strong covalent bond shown in Fig. 4 is due to the presence of amino functional groups of GNP and its reaction with epoxy. Self-crosslinks are formed by hydrogen atoms in amine groups of DETA molecule (hardener) with each other by reacting with epoxide groups of DGEBA in control epoxy samples. From Fig. 4 it is evident that, in case of nanophased samples, the interfacial reaction between amine functional groups of GNP and epoxide groups of DGEBA resin occurs at first by ring opening reaction after EPON 828 (Part A) and GNP-NH 2 were mixed. This modified Part-A establishes a strong covalent bond between the epoxy and the GNP upon further mixing with Part-B of epoxy resin boosting crosslinking sites and interfacial bonding. Formation of covalent bond and the enhanced reaction make it possible to abridge the epoxy chain molecular motion around GNP. This abridgement results in a significant change of elastic and viscous properties in nanocomposites. Moreover, the exfoliation of layered structure of GNP strengthens the resin. Thus, the enhancement of storage modulus can be attributed to the functionalization and uniform dispersion of nanoparticles in the nanocomposite. The covalent bond between the epoxy and the GNP is a major factor in the improvement of thermomechanical properties.
Loss modulus indicates the energy dissipated into heat when any deformation occurred under load. Under cyclic loading, it is the unrecoverable dissipated energy per cycle. Fig. 5 illustrates the loss modulus for unmodified and GNP-loaded modified composite samples.
It can be seen from Fig. 5 that the loss modulus increases with the increase in temperature up to the glass transition temperature and decreases after that for all composite samples. The temperature that is associated with the peak of loss modulus represents the glass transition temperature. For the 0.4 wt% GNP modified composite, loss modulus is the highest. High resistance against the movement of surrounding matrix is due to the uniform distribution of nanofillers. This results in a high dissipation of energy [34] . In addition, exfoliation of GNP allows the resin to reside in graphene layers. This allows strengthening of the matrix. Hence, more energy dissipation occurs in case of the GNP reinforced composites compared to the composites without nanofiller during the deformation process. The variation in storage and loss modulus is presented in Fig. 6 for the neat as well as 0.1 to 0.5 wt% GNP-loaded samples.
The tan-delta (tanδ) vs temperature relationship in Fig. 7 illustrates the effect of GNP concentration on damping properties of nanocomposite. Tan-delta (tanδ) values are derived from the ratio of loss modulus over storage modulus. The glass transition temperature herefore, les network t is higher t ntrol resin sa ransition temp between the epoxy and the GNP improved. Moreover, well dispersed GNP can align the polymer chain along their axial direction. Therefore, they can be easily associated with the polymer molecule. This also aids in disallowing the thermally induced movement. However, further addition of GNP (0.5 wt%) resulted in a slight increase in the CTE compared to the 0.4 wt% sample. The higher value of CTE at 0.5% GNP sample can be explained by the aggregates formed at a loading higher than the normal. Additionally, the presence of nanoparticles becomes less effective to resist the deformation in the rubbery state.
Conclusions
In this study, an amino functionalized GNP was infused as a nanofiller into EPON 828 epoxy resin system. The incorporation of GNP at very low concentration (up to 0.4 wt%) enhanced mechanical, viscoelastic, and thermomechanical properties of the resin. Flexural strength and modulus of the nanocomposite samples increased significantly. The highest enhancement of these two properties was found to be 20% and 40%, respectively, for the 0.4 wt% GNP infused samples. SEM micrographs revealed a much rougher fracture surfaces for mechanically tested GNP-loaded samples compared to that of the neat ones due to a strong interfacial interaction of the GNP with the epoxy. The storage modulus was increased by about 16% for the 0.4 wt% GNP-loaded sample compared to the neat epoxy. The glass transition temperature and loss modulus were also improved with the addition of GNP. The coefficient of thermal expansion was found to be decreased with an increase of the GNP concentration up to the 0.4 wt%. The maximum reduction observed was about 37% for the 0.4 wt% GNP-loaded sample.
